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ABSTRACT  
Femtosecond carrier recombination in PbI2 is measured using tabletop high-harmonic extreme 
ultraviolet (XUV) transient absorption spectroscopy and ultrafast electron diffraction.  XUV 
absorption from 45 eV to 62 eV measures transitions from the iodine 4d core level to the 
conduction band density of states.  Photoexcitation at 400 nm creates separate and distinct 
transient absorption signals for holes and electrons, separated in energy by the 2.4 eV band gap 
of the semiconductor.  The shape of the conduction band and therefore the XUV absorption 
spectrum is temperature dependent, and nonradiative recombination converts the initial 
electronic excitation to thermal excitation within picoseconds.  Ultrafast electron diffraction 
(UED) is used to measure the lattice temperature and confirm the recombination mechanism.  
The XUV and UED results support a 2nd-order recombination model with a rate constant of 
2.5×10-9 cm3/s.  
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1. INTRODUCTION 
 
Ultrafast dynamics of light-induced carriers are central to the function of photovoltaic and 
photocatalytic semiconductors.1 In this work, we use femtosecond XUV transient absorption to 
measure carrier relaxation dynamics in PbI2, and show that the transient spectrum of wide-
bandgap semiconductors produces distinct signals for photoinduced electrons and holes.  The 
conduction band shape and therefore the XUV spectrum is sensitive to temperature, and 
nonradiative recombination to lattice heat is observed on a ~4 ps timescale.  Ultrafast electron 
diffraction is used to quantify the final sample temperature and identify the primarily 
nonradiative recombination pathway.  
A variety of spectroscopic methods have historically been used to measure the rate and 
mechanism of carrier cooling, recombination, and transport.  Transient UV/Visible absorption 
and photoluminescence spectroscopy probe photoinduced changes in the band structure such as 
bandgap renormalization and band broadening, as well as the population and energy distribution 
of carriers in each band.2–7  In those experiments the electron and hole dynamics are measured 
together as a single observable, namely the time-resolved absorption or luminescence spectrum, 
and it can be difficult to disentangle the electron vs. hole dynamics.  In contrast to those band-to-
band probes, transient infrared spectroscopy of semiconductors probes intraband transitions, and 
in some cases can distinguish between electron and hole relaxation.8–10  Terahertz spectroscopy 
measures the carrier density and mobility, and is especially useful for identifying free carriers.11  
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Finally, time-resolved two-photon photoemission selectively probes electron dynamics, 
independent of hole relaxation.12   
Extreme ultraviolet (XUV) transient absorption spectroscopy is emerging as a powerful tool 
for measuring femtosecond to attosecond phenomena in solid-state systems.  XUV photons in the 
30 eV to 100 eV spectral range induce core-to-valence transitions and therefore provide an 
element-specific probe of electron dynamics. XUV transient absorption of semiconductors13 has 
been used to measure charge transfer dynamics in transition metal oxides14–16 and attosecond 
bandgap renormalization upon strong-field perturbation in Si.17 This technique was recently used 
to measure the few-femtosecond electron and hole relaxation in Ge18 and Ge/Si alloys,19 
revealing carrier- and valley-specific relaxation.  The small bandgap and significant core-hole 
spin-orbit coupling of those semiconductors led to overlapping hole and electron signals, which 
were separated using a sophisticated iterative algorithm.  In the present work, we show that this 
complexity is largely removed for wide band-gap semiconductors, providing a simple and 
intuitive picture of the hole and electron dynamics.  Furthermore, access to the I 4d core level 
provides a foundation for future studies of lead halide perovskites such as CH3NH3PbI3.  PbI2 
itself is a synthetic precursor for these materials, and residual PbI2 can have either a positive or 
negative effect on device performance, depending on the concentration and morphology.20–25  
The relaxation rate and mechanism of photoinduced carriers in PbI2 are therefore important 
factors in the performance of such devices.  Previous UV/visible transient absorption studies of 
PbI2 films have observed fast (~6 ps) and slow (>30 ps) decay components, but reached differing 
conclusions regarding the relaxation mechanism.  In one work the fast component was assigned 
as electron trapping and the slow component as carrier recombination.26  In the other, the fast 
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component was assigned as carrier recombination with the long component ascribed to heat 
dissipation.27 
2. METHODS 
Visible-pump/XUV-probe transient absorption spectroscopy was performed using an 
instrument diagrammed in Figure 1A.28 A 1 kHz, 4 mJ, 35 fs, 800 nm pulse was focused into a 
semi-infinite gas cell29 filled with ~70 torr of argon gas, with a peak intensity at the focal point 
of 6×1014 W/cm2. The strong oscillating electric field ionizes the argon atoms, accelerates the 
electrons, then drives them back into the nuclei, producing a broadband (45 eV to 62 eV) XUV 
pulse via the process of high-harmonic generation.30 The XUV beam was focused by a toroidal 
mirror to a ~100 μm FWHM spot at the sample in transmission geometry, then dispersed by a 
homemade spectrometer onto a CCD area detector. The spectrometer resolution was measured as 
0.4 eV FWHM using the atomic absorption lines of Xe and Xe+, and the spectra were binned in 
0.1 eV increments. The spectrum of the XUV continuum, as detected at the CCD after 
transmission through the PbI2 sample, is shown in Figure 1B. Peaks in the spectrum correspond 
to odd harmonics of the 800 nm driving laser field, but a broad continuum beneath these peaks 
allows the full 45 eV to 62 eV energy range to be used for spectroscopy. Transient absorption 
spectra were collected by photoexciting the PbI2 film at 3.1 eV (400 nm) with a peak fluence of 
~2.9 mJ/cm2 and measuring the differential absorption signal ∆𝐴𝐴 = 𝑙𝑙𝑙𝑙𝑙𝑙10 (𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝑜𝑜𝑜𝑜⁄ ), where Ioff 
and Ion are the XUV spectra with pump off and pump on, respectively. This pump fluence 
produces a charge carrier density of ~1.5×1020 cm-3, corresponding to the electron-hole plasma 
regime.  The sample film was raster-scanned to avoid pump-induced damage and cooled by 
flowing N2 gas to avoid accumulative sample heating.  
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3. RESULTS AND DISCUSSION 
3.1: XUV Transient Absorption Spectra 
The ground-state XUV absorption spectrum of a ~70 nm thick PbI2  polycrystalline film 
is shown in Figure 2A (black curve), and closely matches the spectrum of single-crystal PbI2 
collected using a synchrotron radiation light source.31 Major peaks are observed at 50.5 eV, 
51.6 eV, and 53.5 eV, respectively. To first approximation, this spectrum maps the contribution 
of iodine orbitals to the conduction band (CB) density of states, convolved with the 1.7 eV spin-
orbit splitting of the iodine 4d core hole (4d5/2, 4d3/2) spin-orbit states.32 An abbreviated band 
structure of PbI2 calculated using density functional theory with spin-orbit coupling is shown in 
Figure 2B.  The full band structure,33 along with computational details, is given in the Supporting 
Information.  The valence band maximum is composed of Pb 6s and I 5p orbitals, with 83% I 
character, while the conduction band minimum is formed from Pb 6p and I 5p with 38% I 
character.  XUV transitions from the I 4d core to the first three conduction bands are shown as 
vertical arrows in Figure 2B, and optical transition dipole matrix elements are summed across all 
k points. The calculated transitions were broadened with a 0.4 eV FWHM Gaussian and a 0.5 eV 
FWHM Lorentzian to account for the spectrometer resolution and core-hole lifetime broadening, 
respectively. This lifetime broadening is estimated from the width of the iodine 4d photoelectron 
spectrum, as discussed in the Supporting Information.  Finally, the core-level binding energy is 
underestimated at this level of theory, so the simulated spectrum is shifted manually by +4.7 eV 
to match the experimental result.  
The simulated spectrum shown in Figure 2A is a qualitative match to the experimental 
spectrum. The overall shape and peak-to-peak spacing of the experiment is well reproduced, 
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although the height of the 50.5 eV peak is underestimated by the calculation, possibly due to the 
neglect of excitonic effects. Also, while the degeneracy of the core hole total angular momentum 
J states would predict a 3 to 2 ratio between the 4d5/2  CB and 4d3/2 CB transitions (solid vs 
dashed lines in Figure 2), spin-orbit coupling in the conduction bands leads to spin- and band-
dependent transition dipole moments. Ratios of 3.3 to 1, 2.1 to 1, and 1.2 to 1 between the 4d5/2 
 CB and 4d3/2 CB transitions are predicted for the three conduction bands, respectively. A 
detailed treatment of the interaction between core and valence spin-orbit coupling as well as 
excitonic effects is beyond the scope of this paper, but will be explored in depth in a future 
publication.  
Transient XUV absorption spectroscopy after excitation of the direct band-to-band 
transition at 400 nm produces the time-resolved difference spectra shown in Figure 3A. At early 
times (<1 ps), the transient spectrum is characterized by a positive feature at 47.4 eV and a 
derivative-shaped feature with positive and negative peaks at 49.9 eV and 50.7 eV, respectively. 
Minor negative peaks are observed at 52.1 eV and 53.8 eV. Over the next few ps, the 47.4 eV 
peak disappears, the positive peak at 49.9 eV doubles in intensity, and a broad positive feature 
emerges from 55 eV to 62 eV. The initial and final spectra are shown in Figure 3B, averaged 
from 0.05 ps to 0.25 ps and from 40 ps to 100 ps, respectively.  
Kinetic traces at 47.4 eV and 57.0 eV are shown in Figure 4.  Singular Value Deposition 
and global fitting of the entire data set is performed using a sequential AB model and either 
first- or second-order order kinetics (−𝑑𝑑[𝐴𝐴]
𝑑𝑑𝑑𝑑
= 𝑑𝑑[𝐵𝐵]
𝑑𝑑𝑑𝑑
= 𝑘𝑘𝑜𝑜[𝐴𝐴]𝑜𝑜, where n is 1 or 2).  As shown in the 
figure, both kinetic models fit the data well within the noise of the experiment. The species-
associated spectra obtained from the two global fits are nearly identical to each other and to the 
initial and final spectra in Figure 3B, as shown in Figure S8.  The first-order fit gives a 4.2 ± 0.2 
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ps exponential decay time constant (1/k1).  The second-order fit gives a rate constant of k2 = 
2.5×10-9 cm3/s, assuming an initial carrier concentration of 1.5×1020 cm-3 as calculated from the 
pump fluence.  Both fits give a 95 fs FWHM instrument response function.  The physical 
implications of each model will be discussed in Section 4 
 
3.2 Interpretation of initial transient spectrum: distinct signals for holes and electrons 
The initial transient spectrum (0.05 ps to 0.25 ps) shown in Figure 3B is interpreted using 
the model shown in Figure 5A. The positive feature at ~47.4 eV arises from valence band holes. 
Photoexcitation with the 3.1 eV pump pulse creates a Fermi distribution of holes, opening a 
channel for XUV absorption from the I 4d core to these newly-unoccupied states. This new 
channel is observed as a positive transient absorption signal that is redshifted by approximately 
the 2.4 eV band gap34 from the conduction band minimum (Figure 5B, yellow area). The 
integrated area of this signal is proportional to the hole population, rising with the pump pulse 
then decaying in a few ps as the holes recombine with electrons.  
The derivative-shaped feature at ~50 eV is caused by conduction band electrons via a 
combination of bandgap renormalization (BGR) and band filling (BF).2,35,36  As shown in Figure 
5A, BGR shifts the conduction band to lower energy, which would cause the derivative-shaped 
transient in Figure 5B (red and blue areas). However, BF due to the photogenerated electron 
population blocks absorption into the bottom of the shifted band, reducing the intensity of the 
positive signal (red area). The magnitude of this positive signal depends on the relative 
magnitudes of the BGR vs BF. The simulation shown in Figure 5B results from a 30 meV shift 
and 1.7% filling of the first conduction band. These numbers are reasonable given the 1.5×1020 
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cm-3 photoinduced carrier density, as discussed in the Supporting Information.  Simulations of 
the transient spectrum considering only BGR or only BF are shown in Figures S13 and S14. 
Finally, spin-orbit coupling of the I 4d core-hole is incorporated in the simulation. The 
transient signal from I 4d3/2 to the valence and conduction bands will appear 1.7 eV higher in 
energy than the 4d5/2  VB/CB signals. As was shown in Figure 2B, the intensity ratio between 
the 4d5/2 and 4d3/2 signals is band-dependent and differs from the 3 to 2 value expected from the 
core-hole degeneracy due to spin-orbit dependent transition dipole moments. The DFT 
calculation described above predicts a 4d5/2 to 4d3/2 ratio of 3.3 to 1 for the transition to the 
lowest conduction band, and 5.0 to 1 for the transition to the highest valence band. The VB and 
CB features in Figure 5B are shifted and scaled accordingly to give the 4d3/2 contribution to the 
spectrum, giving the total spectrum shown in Figure 5C. This simulation is a good match for the 
experimental initial transient spectrum, as shown in Figure 5D. Note that in Figure 5A-C, the 
conduction band minimum is set as the zero of energy, while in Figure 5D the conduction band 
minimum is set to the rising edge of the ground-state spectrum 49.8 eV. 
While this simple model accounts for most of the observed features in the initial transient 
spectrum, two limitations should be noted.  First, the effect of bandgap renormalization of higher 
conduction bands (CB2 and CB3 in Figure 2) is not included, nor is photoinduced broadening of 
the three conduction bands. A redshift of the upper bands would cause additional derivative-
shape signal in the transient spectrum from 51 eV to 55 eV, which are in fact observed in the 
experiment.  Accurate simulation of the transient spectrum in this region is difficult because of 
the uncertain magnitude of the shift and/or broadening of the upper conduction bands, as well as 
overlap with I 4d3/2CB transitions. We have therefore not attempted to model these effects, 
which would risk overfitting the spectrum. Second, a shift in the I 4d core is likely upon 
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photoexcitation, but is expected to be small due to the delocalization of the carriers at these short 
timescales.37 Photoexcitation of PbI2 causes a net shift in electron density from I to Pb,33 which 
would lower the 4d core and blueshift the coreVB transition. This shift partially counteracts 
the observed effect of bandgap renormalization, so the 30 meV conduction band shift in Figure 5 
should be interpreted as the sum of the bandgap renormalization and the 4d shift.  
3.3 Interpretation of final transient spectrum: lattice heat 
The final transient spectrum (40 ps to 100 ps) is characterized by a derivative-shaped 
transient spectrum at the conduction band edge and a broad positive absorption feature from 55 
eV to 62 eV. This spectrum is the effect of increased lattice disorder caused by carrier 
recombination (i.e. heat). Carrier relaxation heats the lattice via phonon emission, shrinking the 
band gap and modifying the conduction band density of states.1 Two experiments were 
performed to support this assignment. First, the absorption spectrum of a PbI2 sample heated to 
120±10 °C was compared to that of a 20 °C sample, resulting in a difference spectrum that 
strongly resembles the late-time spectrum as shown in Figure 6. This similarity suggests that the 
final transient spectrum is caused by thermal effects, as opposed to a long-lived electronic state. 
Second, ultrafast electron diffraction (UED) with ~250 fs time resolution was performed 
to confirm the timescale and magnitude of sample heating.38–40 This technique measures dynamic 
structural changes as a result of the lattice temperature jump via the Debye-Waller response.38–40 
Figure 7A shows the diffraction pattern of a 180 nm thick PbI2 film.41 The change in intensity of 
the (300) and (410) peaks after 3.1 eV photoexcitation with an initial carrier density of 
0.33×1020 cm-3 is shown in Figure 7B,C. A lower carrier density was used here compared to the 
XUV experiment to avoid long-lived sample heating, as the nitrogen gas flow used to cool the 
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sample between laser shots in the XUV experiment was unavailable in the UED experiment. The 
180 Hz UED repetition rate (vs 1 kHz for XUV) also helps to cool the sample between shots.  
The time-dependent Bragg peak intensity drop can be fit to either first-order or second-order 
kinetic models. For the first-order model, time constants of 15.1±1.2 ps and 11.2±0.9 ps are 
found for the (300) and (410) peaks, respectively. For the second-order model, rate constants of 
2.4×10-9 cm3/s and 3.4×10-9 cm3/s are obtained for the (300) and (410) peaks. As shown in 
Figures 7B and 7C, the second-order fit is considerably better than the first-order fit, especially 
in the 10 ps to 100 ps time window. The second-order rate constants are in good agreement with 
the 2.5×10-9 cm3/s rate constant obtained from the transient XUV data, implying that the decay 
of the early-time XUV signal and the appearance of sample lattice disorder arise from the same 
underlying mechanism. 
Finally, the Debye-Waller response at long delay times is analyzed to quantify the heat 
deposited in the lattice. Figure 8 shows this response as a function of Q2 , along with the 
predicted response for two limiting cases. In the nonradiative recombination limit, each pump 
photon would deposit 3.1 eV of thermal energy into the lattice. In the radiative limit, carrier 
relaxation to the band edge would deposit 0.7 eV of thermal energy, with the final 2.4 eV band-
gap energy released as an emitted photon. The close match between the experimental result and 
the nonradiative limit prediction shows that the majority recombination pathway is in fact 
nonradiative. Given this mechanism and the known pump fluence, the estimated temperature rise 
of the transient XUV experiment is 133K, consistent with the good match between the 120 °C 
spectrum in Figure 6 and the final transient spectrum. This calculation is described in detail in 
the Supporting Information. 
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4. Mechanism of carrier recombination 
 As discussed above, both the XUV and UED results show that carrier recombination is 
primarily nonradiative, with kinetics that can be fit to both first-order and second-order models 
with regard to excitation density.  The 1020 cm-3 photoinduced carrier density is much higher 
than the 1017 cm-3 trap density in PbI2 and other polycrystalline films.42,43 Saturation of trap states 
therefore makes a first-order Shockley-Reed-Hall44 trap-assisted recombination model physically 
unlikely.  Second-order Auger recombination has been observed in amorphous silicon45 and 
layered materials such as MoS246 when there is a high density of overlapping electron-hole pairs 
(⪆ 1019 cm-3).  In this excitation regime, one exciton recombines and transfers its energy to a 
nearby exciton, which then dissociates into free carriers and dissipates the excess energy via 
phonon emission.45,47 The average distance between excitons in the transient XUV and UED 
experiments is 23 Å to 27 Å.  This value is close to the PbI2 Bohr radius of 19 Å,48 making the 
2nd-order Auger process the likely recombination mechanism.  The 2.5×10-9 cm3s-1 2nd-order rate 
constant measured with XUV transient absorption matches the 2.4×10-9 cm3s-1 biexciton 
formation rate measured via power-dependent luminescence spectroscopy,49 further supporting 
this assignment.   
5. Conclusion 
In summary, XUV transient absorption and ultrafast electron diffraction were used to 
measure photoinduced carrier dynamics in PbI2 and identify a 2nd-order nonradiative 
recombination mechanism.  Core-level spectroscopy offers a unique handle for measuring the 
photophysics of semiconductors with multiple heavy atoms due to its element specificity. Hard 
x-ray absorption was recently used to measure the picosecond change in electron density and 
structural relaxation of each element in CsPb(ClxBr1-x)3 perovskite nanocrystals,37 and free-
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electron lasers will enable such studies to be performed on femtosecond timescales. As shown in 
the current work, tabletop XUV transient absorption spectroscopy retains the element specificity 
of hard x-ray absorption while providing a straightforward mapping of the unoccupied valence 
and conduction band density of states.  The presence of distinct signals for holes and electrons in 
the XUV region is especially powerful, as the dynamics of these carriers are often convolved in 
transient UV/visible spectroscopy.  The combination of element- and carrier-specific 
spectroscopy demonstrated here opens the possibility of tracking electron and hole relaxation 
across semiconductor heterojunctions on femtosecond timescales.  Finally, the Iodine N4,5 edge 
at ~50 eV provides a convenient handle for measuring the photophysics of I-containing 
semiconductors such as methylammonium lead halide perovskites, and will allow carrier-specific 
studies of this important class of photovoltaic devices. 
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Figure 1. (A) Tabletop XUV transient absorption apparatus. An 800 nm laser pulse is focused 
into an Ar gas cell, where the intense electric field ionizes the Ar atoms, accelerates the free 
electrons, then drives them back into the Ar ions, releasing XUV photons through the process of 
high-harmonic generation.  A silicon beam splitter followed by Al foils absorbs the residual 800 
nm laser pulse.  The XUV beam is then focused with a toroidal mirror onto the sample and 
dispersed onto an array CCD.  The 400 nm pump pulse is focused onto the sample at a 5° angle 
with respect to the XUV pulse.  The entire system after the gas cell is maintained at <10-6 torr to 
prevent XUV absorption by air.  The sample is raster-scanned and cooled with flowing N2 gas to 
avoid damage.  (B) XUV continuum as detected at the CCD after transmission through all XUV 
optics and the PbI2 sample.  Peaks are observed every 3.1 eV, corresponding to the odd 
harmonics of the 800 nm driving laser pulse, but a broad continuum beneath these peaks allows 
the 45-62 eV region to be used for absorption spectroscopy. 
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Figure 2. (A) Ground-state XUV absorption spectrum of PbI2 with DFT simulation. The 
spectrum is the sum of transitions from the iodine 4d5/2 and 4d3/2 spin-orbit core levels to the first 
three empty conduction bands. (B) Band structure of PbI2 calculated using DFT, with XUV 
transitions from the two core levels to the first three conduction bands shown as solid and dashed 
vertical arrows, respectively. Summation of these transitions over all k points produces the 
simulation shown in (A). The core-level binding energy is underestimated at this level of theory, 
so the calculated spectrum is manually shifted in energy by +4.7 eV to match the experimental 
results. 
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Figure 3.  (A) XUV transient absorption spectra of PbI2 after photoexcitation at 3.1 eV.  (B) 
Transient absorption spectra of PbI2 at early (averaged from 0.05 to 0.25 ps) and late (40 to 100 
ps) delay times, with ground state spectrum for reference.  The early-time signal rises within the 
instrument response and has a positive feature at 47.4 eV and an asymmetric derivative-like 
feature with positive and negative peaks at 49.9 eV and 50.7 eV, respectively.  This spectrum 
evolves cleanly in ~4 ps to the late-time spectrum, in which the 47.4 eV peak disappears, the 
peak at 49.9 eV doubles in intensity, and a broad positive feature appears from 55 eV to 62 eV.  
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Figure 4.  Kinetic slices at (A) 47.4 eV and (B) 57.0 eV, showing the decay of the hole feature 
and rise of the heat signature (see Section 3.3).  Global fits using first- and second-order rate 
laws are shown as solid and dashed lines, respectively. 
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Figure 5. Schematic view of the XUV transient absorption spectrum at early times, showing (A) 
the valence and conduction band density of states, with both the bandgap renormalization (BGR) 
and band-filling (BF) exaggerated for clarity.  The conduction band minimum is set as the zero 
of energy. (B) Resulting transient absorption difference spectrum after instrument and lifetime 
broadening (see text). Photoexcitation produces holes in the valence band with a density of states 
(yellow) corresponding to the product of the valence band DOS (grey) and a Fermi function Fh+.  
This opens up a new coreVB absorption channel and results in a positive transient signal that 
is redshifted from the CB edge by approximately 2.4 eV.  Bandgap renormalization shifts the 
conduction band to lower energy (blue to red lines in A, leading to a derivative-shaped feature in 
the transient signal (red and blue filled areas in B).  However, band-filling in the shifted 
conduction band blocks absorption into the bottom of this band, partially suppressing the induced 
absorption (hashed areas). (C) Inclusion of spin-orbit coupling. The transitions from the I 4d3/2 
core-hole state are shifted by the 1.7 eV spin-orbit splitting and scaled by the relative transition 
dipole moments calculated with DFT.  (D) Simulated transient absorption spectrum compared to 
the experimental short-time transient and the ground-state spectrum.  
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Figure 6.   Difference spectrum of PbI2 at 120 °C vs 20 °C.  The hot spectrum (blue) strongly 
resembles the late-time transient spectrum (red), suggesting that the initial electronic excitation 
decays to heat. 
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Figure 7.  (A) Radially integrated electron diffraction of 180 nm polycrystalline PbI2 thin film. 
Due to the transmission geometry of electron diffraction measurement and preferential growth of 
PbI2 thin film along the C-axis, only in-plane diffraction peaks are observed. Inset: raw 
diffraction image.  (B) and (C) Debye-Waller thermal response of the (300) and (410) peaks after 
3.1 eV photoexcitation. Sold and dashed lines represent first-order and second-order fits, 
respectively. 
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Figure 8.  Debye-Waller response of 180 nm PbI2 as a function of Q2 after optical excitation at 
3.1 eV.  The linear fit is shown as the dashed black line.  Predicted responses for nonradiative 
(all 3.1 eV per photon is converted to heat) and nonradiative (only 0.7 eV per photon released as 
heat) are shown as green and red lines, respectively.  
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S1. Sample preparation and characterization 
 
Lead iodide is deposited on silicon nitride (Si3N4) membranes (Silson, Ltd) using a partially 
homebuilt thermal evaporation system (Plasmonic Technologies, LLC model LTK350-sys). The 
substrates are ozone pretreated for ~5 minutes prior to sample coating. For the XUV experiment, 
50 nm x 2 mm x 2 mm membranes are used, on 7.5x7.5mm Si frames. This substrate allows us 
to have 30% XUV transmission in the spectral range from 30 eV to 72 eV. For ultrafast electron 
diffraction, 100 nm Si3N4 substrates are used. All the samples are characterized using SEM, 
XRD and UV-Vis as shown below.   Figure S1 shows an image of a thermal evaporated PbI2 thin 
film (~100 nm) measured by Hitachi S4700 High Resolution SEM. Small platelets of PbI2 
crystals are observed in this image. 
  
Figure S1: SEM of PbI2 film 
Figure S2 displays the PbI2 film x-ray diffraction. This is measured by Panalytical/Philips X’pert 
XRD machine at Cu K-α emission line at 1.5418 Å with data acquisition time of 20 minutes. The 
preferential growth along c-axis is observed. The obtained lattice constant c is ~6.99 Å , 
consistent with literature values. 
 
 
Figure S2: X-ray diffraction of PbI2 film. 
 
Figure S3 shows the UV-VIS absorption spectrum of a ~100 nm thick PbI2 on a glass substrate 
measured by Cary-500-Scan spectrometer. A clear absorption edge located ~500 nm can be 
observed. A small increase past 510 nm results from interference effects of the thin film.  
 
 
Figure S3: UV-Vis of PbI2 film 
 
 
Figure S4 illustrates an AFM (Asylum Research MFP-3D) measurement of a representative PbI2 
film on Si3N4 membrane. The thickness is 120±10 nm. With this information and the measured 
reflectivity of PbI2, we are able to deduce an absorption coefficient of ~0.88×105 cm-1 at 3.1 eV, 
which is consistent with the literature value in the spectral range from 350 nm to 450 nm.1  
 
Figure S4: AFM profile of PbI2 film. 
 
 
 
  
S2. PbI2 XPS spectrum and calculation of core-hole lifetime broadening 
 
X-ray photoelectron spectroscopy was used to estimate the core-hole lifetime broadening, under 
the assumption that the lifetime of the 4d-1 state is only minimally perturbed by the conduction-
band population (i.e. the lifetime of the core-ionized state after XPS is close to the lifetime of the 
core-to-valence excited state after XUV absorption). 
 
Figure S5 shows the x-ray photoelectron spectrum of the PbI2 film.  XPS was performed on a 
Kratos Axis ULTRA instrument with a monochromatic Al Kα X-ray source (source energy 
1486.61 eV) and a hybrid spherical capacitor energy analyzer. Spectra were collected with an 
analyzer pass energy of 10 eV. Binding energy scales of PbI2 spectra were calibrated by 
referencing the C 1s peak from adventitious carbon to 284.8 eV. Reference spectra of a piece of 
gold-coated silicon wafer were also collected on the same instrument. 
 
The instrumental (Gaussian) resolution of the XPS experiment was estimated to be 0.45 eV by 
fitting the Au 4f XPS features to Voigt functions with the Lorentzian width (FWHM) constrained 
to be 0.25 eV.2 The I 4d photoelectron features (Tougaard baseline subtracted) were then fitted to 
Voigt functions with the Gaussian σ’s constrained to be 0.45 eV.  Intrinsic core-hole line width 
was estimated to be 0.48 eV by taking the average of the Lorentzian widths of the I 4d5/2 and 
4d3/2 peaks. 
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Figure S5: X-ray photoelectron spectrum of  PbI2 film with Voight fit. 
 
S3.  Gas cooling in XUV transient absorption 
 
A stream of N2 is passed over the sample during the XUV transient absorption experiment to 
carry away heat from the pump beam. With this gas flow, the XUV and UV-VIS absorption 
spectra are both unchanged at pump fluence below the damage threshold of ~4.5 mJ/cm2.   
Spectra taken before and after transient absorption are unchanged.  
 
Without this gas cooling, there is a pronounced pre-time-zero signal due to pump heating that 
lasts beyond the 1 ms repetition period of the laser. Figure S6 shows this effect. The pre-t0 
spectral feature (red) disappears with N2 gas flows through the thin film surface (blue).  
 
 
 
Figure S6: Pre-t0 signal with gas flow (blue) and without (red). 
S4. XUV transient absorption with band-edge excitation 
 
The early-time spectrum after pumping at 400 nm (3.1 eV) has upward and downward peaks 
separated by 3.1 eV.  The main text shows that this spectrum can be interpreted as the combined 
effects of bandgap renormalization and band filling.  However, we also considered an alternative 
interpretation, that of an electron and a hole distribution separated by the 3.1 eV pump energy 
(with no bandgap renormalization). If this were true, then photoexcitation at 500 nm (2.5 eV) 
would create hole (upward) and electron (downward) transient peaks separated by 2.5 eV. We 
tested this by photoexciting the PbI2 sample with the 500 nm, 50 fs output of a noncollinear 
optical parametric amplifier (TOPAS-White). Figure S7 shows the resulting transient spectrum, 
averaged between 100 and 200 fs. The spectrum with 500 nm pumping is identical within the 
noise to that with 400 nm pumping. In particular, the peak positions do not change depending on 
the pump energy (at least at these delay times), disproving this band-filling only interpretation 
and supporting the “bandgap renormalization plus band-filling” description presented in the main 
text.  The 400 nm experiment was pumped with a peak fluence of 1.1 mJ/cm2, giving a carrier 
density of 0.6×1020.  The  505 nm experiment was pumped at 7.7 mJ/cm2 to account for the 
lower absorbance at the band edge, giving a carrier density of 0.8×1020.  At these similar carrier 
densities, the two transient spectra are equivalent within the noise.  Note that the carrier density 
is calculated here as ((# photons absorbed within FWHM)/(excitation volume)). 
 
The fact that the 3.1 eV pump creates upward and downward peaks separated by 3.1 eV is 
simply coincidental: 1) The upward hole feature appears 2.4 eV (the band gap) below the CB 
edge. 2) The first conduction band is ~0.7 eV wide, so when the entire band shifts to lower 
energy the negative transient appears 0.7 eV above the CB edge.  3) The -2.4 eV position of the 
upward signal and +0.7 eV position of the downward signal combine to create a peak-to-peak 
spacing of 3.1 eV.   
 
We also note that the “electron and hole separated by 3.1 eV” concept is unphysical, as the 
carriers will thermalize to form Fermi distributions at the band edge within the 95 fs instrument 
response.7 
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Figure S7: XUV transient absorption with 500 nm vs 400 nm pumping.  
S5. Further details on XUV transient absorption experiment 
 
The XUV transient absorption experiment was conducted over four calendar days, with a total of 
17 hours of data collection (plus alignment, etc), and the spectra shown are the averaged data 
from this period (approx 30 minutes per timepoint). Pump/probe spectra were collected with 1 
second integration times, and the sample was moved to a new spot after each (pump off/pump on) 
cycle.  No sample damage was observed from either the pump or probe beams.  The pump spot 
size was 200 μm FWHM, and pump/probe overlap was verified with vertical and horizontal 
knife-edge scans after every 1-2 hours of data collection. 
 
As noted in the main text, singular value decomposition and global fitting to a sequential AB 
model was performed using both first and second-order kinetics (−𝑑𝑑[𝐴𝐴]
𝑑𝑑𝑑𝑑
= 𝑑𝑑[𝐵𝐵]
𝑑𝑑𝑑𝑑
= 𝑘𝑘𝑛𝑛[𝐴𝐴]𝑛𝑛 ), 
convolved with a Gaussian instrument response function.    
 
Figure S8 compares the averaged initial (0.05 to 0.25 ps) and  final (40 to 100 ps) spectra to the 
species-associated spectra obtained by global fitting to first-order or second-order kinetic models.  
The SAS of the two components are nearly identical to each other and to the initial and final 
averages. 
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Figure S8: Early- and late-time spectra compared to species-associated spectra obtained using 
first-order or second-order kinetic models.    
The main text reports both first-order and second-order rate constants extracted from the 
respective fits.  The second-order differential equation integrates to 𝑁𝑁(𝑑𝑑) = 𝑁𝑁01+𝑘𝑘2×𝑁𝑁0×𝑑𝑑 , in which 
N(t), N0 and k2 are the time-dependent carrier density, initial carrier density and second-order 
recombination rate constant, respectively.  The k2 rates reported in the main text therefore 
depend on the initial carrier concentration, which was estimated from the measured pump power, 
reflectivity, and transmission of the sample at 400 nm (i.e. the fitted parameter is “k2×N0”, and the 
estimated N0 is used to recover k2). Note that the actual fits include a convolution with a Gaussian 
instrument response, which is not shown in the N(t) equation above. 
 
Figure S9 shows the experimental transient absorption contour plot, along with the reconstructed 
contours from the first-order and second-order models.  The residual contour plots are also 
shown.   
 
 
Figure S9: Experimental XUV transient absorption contour plot, reconstructed contour plots 
from 1st and 2nd-order fits, and residuals from each fit.  Note that the Z scale of the residuals is 
1/3 that of the data and reconstructions. 
 
Both the first-order and second-order fit residuals show a small non-random mismatch between 
the fit and the experiment between 49 and 55 eV.  This is shown more clearly in Figure S10, 
which shows the early-time and late-time averaged spectra along with slices of the 2nd-order fit 
residual at 0.5 ps, 3.0 ps, and 40 ps.  The error in the fit at 3 ps and 40 ps is approximately 1 
mΔA, and is likely caused by a time-dependent shift in the conduction band edge as carrier 
recombination heats the lattice.  More detailed deconvolution of this shift was not possible given 
the noise level of the data. 
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Figure S10: Experimental XUV transient absorption contour plot, reconstructed contour plots 
 
 
There is one additional detail that is not captured in the fits: a slight time-dependent shift in the 
positive feature at ~47.4 eV.  This shift is analyzed by fitting the 46.0 eV to 48.5 eV region with 
a Gaussian function, as shown in Figure S11A. In the first 100 fs, as the pump pulse builds the 
excited-state population, this feature redshifts from 47.5 eV to 47.3 eV. Over the next few 
picoseconds, the peak then blueshifts to 47.6 eV.  
 
Figure S11: (A) Gaussian fits of the transient spectral feature near 47.4 eV (corresponding to the 
photoinduced hole population) within the first 2.4 ps delay time range. The vertical dashed line 
at 47.5 eV marks the peak center at rising edge of the pump pulse at -70 fs. The peak energy 
redshifts to 47.3 eV during the 95 fs instrument response, then blueshifts to 47.6 eV as the holes 
recombine. (B) Model conduction band density of states and Fermi functions, with the zero of 
energy set here to the valence band maximum.  As the pump pulse creates holes in the valence 
band, the peak of the hole distribution (DOS * Fermi) shifts to lower energy. 
 
This shift is a straightforward consequence of the model discussed in Section 3.2 and Figure 5 of 
the main paper. As the pump pulse creates holes in the valence band, the quasi-Fermi level shifts 
to lower energy. The peak of the hole distribution therefore redshifts, which is reflected in the 
position of the XUV absorption. This is shown pictorially in Figure S11B. Subsequently, the 
hole population decays upon carrier recombination and the quasi-Fermi level shifts back to 
higher energy, causing the corresponding blueshift in the XUV signal.  As discussed in Section 
3.3 of the main text, sample heating upon carrier recombination shrinks the band gap, leading to 
a small net blueshift of this peak beyond 2 ps.  Note that the XUV absorption signal includes 
instrument (Gaussian) and lifetime (Lorentzian) broadening, leading to an effectively Gaussian 
lineshape in Figure S11A despite the asymmetry of the hole distributions shown in Figure S11B. 
S6. Transient absorption modeling 
 
Bandgap renormalization was estimated by extrapolating from values measured3 in CH3NH3PbI3, 
which has a similar dielectric constant (25.7)4 as PbI2 (20.8)5.  The band gap reduction ΔEg is 
proportional to the excitation density (n01/3) and inversely proportional to the static dielectric 
constant.6  The range of excitation density for our experiment is n0 = 1019 to 1020 cm-3 which 
corresponds to ΔEg values from 40 to 100 meV.  For our simple model, the shift is assumed to be 
the same for both valence and conduction bands, giving a change in position of each band of 20 
to 50 meV.  The final shift value used in our model for each band (30 meV) is within this range. 
As noted in the text, there is likely a shift in the I 4d core level after photoexcitation, which will 
counteract the effect of the band shift and reduce the apparent magnitude of bandgap 
renormalization. 
 
Carriers (electrons and holes) were assumed to have reached a thermal distribution from 
electron-electron and hole-hole interactions within our instrument response (95 fs).7  Thus, a 
Fermi distribution with carrier temperature Tc and quasi-Fermi levels of Eqfe and Eqfh was used to 
represent the band-filling (hole burning).  With our experimental broadening (Voigt with 
Gaussian FWHM of 0.4 eV and Lorentzian FWHM of 0.5 eV), the impact of Tc will be difficult 
to observe so modeling was done using 300K.  The amount of filling was controlled by shifting 
the quasi-Fermi levels away from the valence band maximum and conduction band minimum to 
match the magnitude of the valence band feature.  The fill factor (amount filled over full area of 
conduction/valence band) used for the best fit was 1.7%.  The DFT band structure calculation 
gives a total partial density of states in the first conduction band of 1.34x1022 cm-3.  Given a 
photoinduced carrier density of 1.5x1020 cm-3, the experimental band filling is 1.1%, an excellent 
match for the fit result.  
 
Figure S12 displays the model conduction band used for the simulations before and after 
broadening as discussed above.  The bottom of the unbroadened band is set to 49.8 eV so that the 
rising edge of the broadened band aligns with that of the experimental spectrum.  
 
 
Figure S12: Model conduction band before and after broadening, along with the ground-state 
absorption spectrum.  
 
 
Figure S13 and Figure S14 show the simulated transient spectra when considering only bandgap 
renormalization (BGR) or only band-filling (BF).  Spin-orbit splitting is not included for 
simplicity.  Neither model resembles the experimental spectrum, showing that both BGR and BF 
are required to explain the observed spectrum. 
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Figure S13: Experimental transient spectrum at early times (0.05 ps to 0.25 ps) compared to 
model with only bandgap renormalization, using a band shift of 30 meV 
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Figure S14: Experimental transient spectrum at early times compared to model with only band-
filling, using 1.7% filling of the conduction band.   
 
S7.  Ultrafast Electron Diffraction (UED) measurement 
 
We utilized ultrafast electron diffraction to further characterize temperature jumps of PbI2 from 
optical laser excitation at 400 nm. Due to the normal incidence of UED in transmission mode, 
only (h,k,0) in-plane diffractions are measured and this result agrees with the observation of 
XRD measurements which shows a preferential growth of thin film along the c-axis (see 
Figure S2). An electron beam density of ~10 fC per pulse is employed for the experiments. The 
experiment is performed at a 180 Hz repetition rate and with 2 second exposure time per delay 
time point for the detector. Each diffraction pattern contains several rings, corresponding to 
different momentums Q (𝑄𝑄 = 2𝜋𝜋/𝑑𝑑). By taking the diffraction images as a function of pump-
probe delay time, we follow the individual Q diffraction intensity change over a delay time 
window. The suppression of diffraction intensity as a function of delay time provides us the 
Debye-Waller response that measures the mean-square displacement of atoms in the thin film.8  
 
 
 
 
 
 
 
 
S8. Analysis of Debye-Waller response 
 
The Debye-Waller response is obtained from fits of ln(I0/I) versus Q2 and used to estimate the 
sample temperature jump ΔT after photoexcitation.  I0 and I are the diffraction intensities at far 
negative and +100 ps delay times. This experimental ΔT is compared to the temperature jump 
calculated from the known pump fluence at 3.1 eV (400 nm), absorption cross section, 
reflectivity between interfaces, film thickness and specific heat. Figure 9 of the main text shows 
the experimental response of a 180 nm PbI2 film after irradiation with a carrier density of 
0.33×1020 cm-3, along with predicted responses if (1) the full 3.1 eV photon energy is converted 
to heat (nonradiative recombination) or (2) The carriers relax to the band edge and release 0.7 eV 
of energy as heat, then fluoresce (radiative recombination).  Figure S15 reproduces this figure 
and adds an additional experiment, in which the PbI2 film was irradiated with a carrier density of 
1.2×1020 cm-3.   In both cases, the experimental Debye-Waller response is an excellent match for 
the nonradiative prediction, with a slope that is much larger than is predicted for a radiative 
mechanism.  See below for a detailed description of the pump fluence and carrier density. 
 
 
Figure S15: Debye-Waller responses from UED measurements at excitation densities of 
0.33×1020 cm-3 and 1.2×1020 cm-3 .  Experimental Debye-Waller response is shown as circles.  
Linear fit is shown as blacked dashed line, with slope given in Table S1.  The predicted response 
assuming that 3.1 eV (nonradiative) or 0.7 eV (radiative) of energy per absorbed photon is 
converted to heat is shown as green and red lines, respectively. 
The Debye-Waller response measures the difference in mean-square displacement between room 
temperature and final temperature. The final temperature is a sum of the temperature jump and 
room temperature.  
 
ln 𝐼𝐼0
𝐼𝐼
= ln 𝐼𝐼300𝐾𝐾
𝐼𝐼𝑇𝑇
= ∆〈𝑢𝑢2〉 × 𝑄𝑄2, where slope  ∆〈𝑢𝑢2〉 = 〈𝑢𝑢2〉𝑇𝑇 − 〈𝑢𝑢2〉300𝐾𝐾 
 
The mean square displacement at temperature T can be calculated9 as 〈𝑢𝑢2〉𝑇𝑇 = 3ℏ2𝑚𝑚𝑘𝑘𝐵𝐵𝜃𝜃𝐷𝐷 �Φ(𝑍𝑍)𝑍𝑍 + 14� , 
where ℏ = ℎ
2𝜋𝜋
, kB the Boltzmann constant, m the averaged mass and 𝜃𝜃𝐷𝐷 the Debye temperature. 
Φ(𝑍𝑍) can be evaluated using analytical function shown as follows. 
 
 Φ(𝑍𝑍) = 1.6449𝑍𝑍 (1 − 𝑒𝑒−0.64486×𝑍𝑍) with 𝑧𝑧 = 𝜃𝜃𝐷𝐷𝑇𝑇 .10   
 
Here, we use 𝜃𝜃𝐷𝐷 = 99.4 𝐾𝐾  and averaged mass 𝑚𝑚 = 201+1272 = 164 , respectively.11 Table S1 
summarizes the change in temperature ΔT calculated from the fitted slopes in Figure S7, as well 
as the predicted ΔT for nonradiative and radiative recombination (see below)  
 
Table S1: Temperature jump calculated from input pump energy and absorbance 
 
The carrier density and predicted temperature jump is calculated from the measured absorbance, 
incident pump energy and estimated reflectance. The complex refractive index of PbI2 at 400 nm 
is 3.22-1.32i. With a stacked thin film model12 that considers interface reflection between 
vacuum/PbI2 and PbI2/Si3N4, we obtain absorption of ~66%. Note that in the UED experiment, 
the pump pulse was incident on the PbI2 side of the sample, while in the XUV experiment the 
pump pulse was incident on the Si3N4 side, resulting in only 6% reflective losses in the latter.   
 
The specific heat and density of PbI2 are 0.168 J/g/K and 6.16 g/cm3, respectively. The 100 nm 
thick Si3N4 substrate has a specific heat of 0.17 J/g/K and density of 3.44 g/cm3, and it is 
assumed that thermal equilibrium between the PbI2 and Si3N4 is complete by 100 ps after 
photoexcitation (when the final Debye-Waller response is measured). 
 
The predicted ΔT, assuming nonradiative recombination, is calculated using:  
 
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑 𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒 = ∆𝐻𝐻 = 𝑚𝑚 × 𝑎𝑎 × ∆𝑇𝑇 
 
where m is the mass of the PbI2 and Si3N4 layers (calculated from the densities above, the 410 
nm pump spot size, and the thickness of each layer) and s is the specific heat of each layer.  
Calculated values of ΔT assuming the that the full absorbed energy (3.1 eV per photon) is 
converted to heat are shown in Table S1.  ΔT is also calculated in the case that the electron and 
hole relax 0.7 eV in total to the band edge (with that energy released as heat), then recombine 
radiatively.  The excellent agreement between between the experimentally fitted ΔT and the 
nonradiative prediction indicates that the recombination is primarily nonradiative. 
Incident 
energy (µJ) 
Absorbed 
energy ( µJ) 
Carrier 
Density (cm-3) 
Fitted 
Slope (Å2) 
Fitted  
ΔT (K) 
Nonradiative 
ΔT (K) 
Radiative  
ΔT (K) 
1.35 0.89 0.33×1020 0.00268 28 ± 3 27.5 6.2 
4.8 3.17 1.2×1020  0.00957 101 ± 10 98.0 22.1 
S9. Band structure calculations 
 
Density functional theory (DFT) calculations were performed using the VASP code.13,14 A 
Perdew-Burke-Ernzerhof (PBE)15 generalized gradient approximation (GGA) was used to treat 
exchange and correlation. Electron-ion interaction is described using the projector-augmented 
wave method.16,17 Iodine 4d states are treated as valence electrons. Cell volume and atomic 
positions are relaxed until the Hellmann-Feynman forces are below 5E-3 eV/A.  Cell energies 
are converged using a plane-wave cutoff energy of 750 eV and a 7x7x7 Monkhorst-Pack k-point 
grid. Spin-orbit coupling is included in the.18 Optical transition matrix elements and the dielectric 
function are calculated on a denser 13x13x13 gamma-centered k-point grid using the PAW 
framework and the longitudinal.19  
 
Within DFT, the electronic gap of PbI2 in the 2H polymorph is 2.46 eV, and is indirect between 
the H (valence band maximum) and A (conduction band minimum) point in the BZ (<0.0, 0.0, 
0.5> and <0.33, 0.33, 0.5> in Cartesian coordinates respectively). This band gap is reduced to 
1.71 eV due to the strong spin-orbit effect induced by Pb and I. The iodine 4d states, all located 
at -43.5 eV below the valence band edge, split by ~1.7 eV between the 4d3/2 states (at -44.4 eV) 
and the 4d5/2 states (at -42.7 eV).  Figure S16 shows the calculated band structure of PbI2 (only a 
subset is shown in Figure 1B of the main text) 
 
 
 
Figure S16: Full band structure of PbI2 
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